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SECTION  1 
INTRODUCTION 


1.1  CONCEPT. 

Our  ultimate  goal  in  this  program  was  to  develop  an  armature-barrel  design  capable  of  exceeding 
6  km/s  with  a  railgun  projectile.  This  velocity  represents  a  performance  level  to  which  plasma  armatures 
have  been  taken,  but  only  rarely  exceeded.1  Velocities  greater  than  6  km/s  are  impeded  by  secondary 
current  conduction  behind  the  armature.  The  plasma  in  the  armature  interacts  with  the  insulators  and  rails 
in  the  bore,  causing  ablation  of  the  wall  materials.  Some  of  the  ablated  material  is  ionized,  so  it  is 
conductive.  Drag  forces  combined  with  low  Lorentz  force  near  the  insulators  result  in  a  loss  of  some 
of  the  conductive  plasma  from  the  armature.  This  residual  conductive  plasma  is  left  in  the  bore  behind 
the  main  armature.  Secondary  current  conduction  results  because  the  rail-to-rail  voltage  tends  to  drive 
current  through  the  lost  plasma  behind  the  armature.  This  situation  is  shown  in  Figure  1 . 


Figure  I.  High  voltage  and  leaking  plasma  result  in  secondary  currents. 

The  interaction  of  the  armature  current  with  the  magnetic  field  between  the  rails  exerts  a  force  on  the 
armature.  This  force  is  transmitted  to  the  projectile,  and  the  projectile  is  accelerated.  The  secondary 
current  conduction  diverts  the  current  from  the  main  armature.  This  results  in  the  armature  being 
accelerated  less  than  was  theoretically  predicted.  The  problem  of  secondary  current  conduction  gets 
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worse  at  higher  velocities.  As  the  projectile  goes  faster,  more  current  is  diverted  from  the  main  armature 
into  secondary  current  paths.  This  process  continues  until  the  projectile  itself  is  no  longer  accelerated 
by  the  current. 

There  are  two  areas  to  attack  in  the  solution  of  this  problem.  First,  we  can  reduce  or  eliminate  the 
rail-to-rail  voltage  behind  the  armature.  We  can  do  this  by  distributing  the  power  feeds  along  the  rails 
and  only  supplying  current  to  the  rail  sections  directly  behind  the  armature.  This  is  the  idea  behind 
distributed  energy  store  (e.g.  Nested  Chevron  DES2  and  Ultra  DES3)  railguns  and  SRS  concept.4 

The  other  area  we  can  concentrate  on  is  the  residual  plasma.  We  can  approach  this  problem  in  two 
ways.  We  can  reduce  the  conductivity  of  the  residual  plasma,  or  we  can  eliminate  the  plasma  from 
behind  the  armature  altogether.  There  are  several  ways  to  deal  with  the  residual  plasma.1  These  are 
shown  in  Figure  2.  The  approach  we  chose  to  pursue  in  this  project  was  to  try  to  eliminate  the  plasma 
from  behind  the  armature  by  venting  it  out  through  the  rails.  This  concept  is  shown  in  Figure  3.  We 
developed  the  concept  in  a  Phase  I  SBIR.5  We  will  describe  Phase  II  work  on  this  concept  in  this  report 
after  a  brief  review  of  the  Phase  I  results. 


Figure  2.  There  are  several  methods  to  eliminate  secondary  currents. 
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Figure  3.  We  focussed  on  venting  the  plasma  out  through  the  rails. 


1.2  PHASE  I  RESULTS. 

In  Phase  I,  we  did  not  originally  propose  venting  the  plasma  out  through  the  rails.  We  originally 
pursued  a  concept  that  involved  a  confined  plasma  armature  with  the  excess  plasma  being  forced  nut  a 
nozzle  behind  the  armature.  The  excess  plasma  would  be  cooled  as  it  exited  the  nozzle.6  As  it  coned, 
the  conductivity  of  the  plasma  would  decrease,  thereby  reducing  the  formation  of  secondary  current  pa»v.s. 
The  concept  is  shown  in  Figure  4.  There  are  two  difficulties  with  the  original  concept.  The  first  is  that 
attaching  the  nozzle  to  the  plasma  confinement  chamber  is  very  difficult.  The  second  is  more 
fundamental.  The  expanding  gas  is  cooled  as  it  leaves  the  nozzle;  however,  while  the  conductivity  of  the 
plasma  is  certainly  reduced,  it  is  still  substantial.  Even  if  the  conductivity  of  the  plasma  is  reduced  by 
a  factor  of  ten,  the  gas  is  still  ionized.  Normal  plasma  armatures  extend  behind  the  armature  for  a  length 
of  ten  or  more  bore  widths.  The  increase  in  the  conductive  area  between  the  rails  behind  the  armature 
causes  the  conductance  behind  the  armature  to  be  on  the  same  order  (the  same  or  more  than)  as  the 
armature  conductance.  Secondary  conduction  is  likely  under  these  conditions.  We  wanted  to  eliminate 
secondary  currents  as  much  as  possible,  so  we  decided  to  abandon  the  original  approach  in  favor  of  the 
confined,  vented  armature  with  the  goal  of  eliminating  residual  plasma. 
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Figure  4.  Our  original  concept  used  expansion  cooling  of  the  plasma  to  reduce  secondaries. 


In  Phase  I,  we  concentrated  on  developing  structures  to  contain  the  high  pressures  of  the  confined 
armature.  We  used  laminated  steel  containments  to  prove  the  feasibility  of  the  concept,  then  tried  Kevlar 
fiber  wrapped  containment  chambers  to  reduce  the  containment  mass.  Minimization  of  the  containment 
mass  is  necessary  to  maximize  velocity  performance  of  the  projectile.  We  obtained  encouraging  results 
with  this  type  of  containment.  The  wound  Kevlar  fiber  containment  has  a  higher  strength  to  weight  ratio 
than  a  containment  made  of  laminated  steel.  An  example  (photograph)  of  the  wound  containment  is 
shown  in  Figure  S. 

Our  work  on  containment  design  and  testing  convinced  us  that  venting  is  essential.  High  ohmic 
power  is  dissipated  in  the  plasma.  This  dissipated  energy  is  deposited  inside  the  containment  vessel  and 
results  (in  the  nonvented  containment  vessel)  as  high  pressure  and  temperature.  Theoretically,  this  high 
pressure  plasma  can  be  contained,  but  not  practicably,  as  a  lightweight  launchable  projectile. 

We  concentrated  on  vents  through  the  rails  as  the  mechanism  for  pressure  control  in  the  armature. 
The  Kevlar  containment  combined  with  the  rail  vents  worked  well  in  static  tests.  However,  in  actual 
rail  gun  tests,  we  had  problems  with  the  seal  between  the  edge  of  the  containment  and  the  rail  surface. 
The  plasma  was  contained  for  a  short  time,  then  would  leak  out  between  the  containment  edge  and  the 
rail.  This  quickly  caused  cjcondaries  to  form  behind  the  main  armature.  A  summary  of  the  Phase  I 
railgun  tests  is  shown  in  Table  1. 

We  concluded  from  our  work  that  three  things  needed  to  be  improved  to  make  the  concept  work 
correctly.  First,  the  confined  plasma  concept  should  be  tested  by  injecting  the  projectile  into  the  bore 
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Figure  5.  We  used  wound  Kevlar  structures  to  contain  the  plasma  in  Phase  I  efforts. 

at  a  velocity.  AH  of  the  tests  in  Phase  I  were  conducted  from  a  static  start.  This  caused  excessive 
erosion  of  the  rail  surface  around  the  starting  position  and  was  a  main  contributor  to  early  seal  failure. 

Injecting  the  projectile  alleviates  this  part  of  the  problem.  Second,  we  needed  to  develop  a  good 
dynamic  seal  for  the  concept.  Lastly,  we  needed  to  optimize  the  fiber  wound  structure  and  integrate  it 
with  the  seal  design  to  minimize  the  projectile  mass  and  maximize  the  projectile  strength.1 

Table  1.  Summary  of  Phase  I  Railgun  Tests. 


Test  No. 

Armature  Shape 

Current  kA 

Final  Velocity 

•  m/s .  .. 

Comments 

21 

Circular 

280 

500 

Partial  seal 

22 

Circular 

270 

250 

Good  seal  on  one  rail 

23 

Circular 

280 

550 

Partial  seals  on  both  rails  in 
flight  photograph 
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SECTION  2 
PHASE  II 


2.1  APPROACH. 

In  Phase  n,  we  concentrated  on  the  two  areas  we  felt  would  best  help  us  achieve  our  goals  of 
reaching  6  km/s  and  eliminating  secondary  conduction.  These  are  illustrated  in  Figure  6.  One  area  we 
focussed  on  was  the  seal  design.  A  properly  functioning  dynamic  seal  is  critical  to  the  success  of  the 
concept.  Efflux  plasma  from  the  containment  chamber  must  be  vented  out  of  the  bore.  Our  Phase  I  tests 
showed  that  a  simple  tight  fit  between  the  containment  edge  and  the  rail  was  not  sufficient  to  prevent 
leakage  and  secondary  currents.  We  needed  to  develop  an  effective,  light  weight  dynamic  seal  to  prevent 
plasma  leakage  into  the  bore  behind  the  projectile  for  the  concept  to  work  properly. 


Figure  6.  We  focussed  on  pressure  control  and  seal  development  in  Phase  n. 

The  other  area  we  concentrated  on  was  the  control  of  pressure  inside  the  containment  chamber.  The 
pressure  inside  the  chamber  must  be  limited  so  that  the  chamber  does  not  explode.  On  the  other  hand, 
the  chamber  pressure  needs  to  be  kept  high  enough  for  a  plasma  armature  to  function  properly.  If  the 
pressure  is  too  low,  the  resistance  inside  the  chamber  will  become  too  high  to  support  an  armature.  The 
result  will  be  that  any  amount  of  leakage  behind  the  armature  will  cause  secondary  current  formation, 
and  will  limit  the  projectile  velocity. 
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We  used  a  focussed  approach  to  study  these  two  areas.  The  first  thing  we  wanted  to  do  was  to 
perform  static  tests.  These  static  tests  allowed  us  to  determine  the  relationship  between  pressure, 
conductivity,  and  current  density.  This  was  necessary  for  detailed  design  of  the  projectile  and  barrel. 
We  also  used  the  static  tests  to  develop  an  effective  seal  concept. 

We  then  used  the  knowledge  we  gained  in  the  static  tests  to  design  and  fabricate  a  projectile  and 
barrel  for  concept  testing.  These  two  components  must  be  designed  together  for  the  concept  to  work. 
We  then  performed  several  railgun  launches  to  evaluate  the  effectiveness  of  the  designs  in  eliminating 
secondaries  from  behind  the  armature.  We  used  the  series  of  railgun  tests  to  refine  the  design  of  the 
barrel  and  projectile  to  make  them  more  effective. 

2.2  PRELIMINARY  ANALYSIS. 

Our  first  step  was  to  review  the  requirements  for  the  containment  chamber  and  seals.  In  general, 
the  conductivity  of  a  plasma  increases  as  the  pressure  increases,  as  shown  in  Figure  1?  This  indicates 
that  we  should  try  to  maintain  as  high  a  pressure  as  possible  in  the  confinement  chamber.  However,  the 
operational  region  (pressure  and  temperature)  of  the  confined  plasma  is  near  the  "knee"  of  the  curve. 
In  this  region,  the  conductivity  is  not  particularly  sensitive  to  plasma  pressure.  A  factor  of  ten  change 
in  the  pressure  only  results  in  a  factor  of  two  change  in  conductivity.  If  we  try  to  maintain  a  high 
pressure  plasma  in  the  armature,  we  will  not  make  the  conductivity  significantly  higher  than  if  we 
maintained  moderate  pressure  levels.  Armature  voltage  and  efficiency  are  not  adversely  affected  by  the 
lower  operational  pressure.  For  this  reason,  we  initially  believed  that  heavy,  high  strength  containments 
would  not  be  necessary. 

We  determined  that  we  needed  to  know  what  the  plasma  conductivity  and  pressure  do  as  functions 
of  current  density.  We  also  needed  to  know  what  the  optimum  geometry  for  the  confinement  chamber 
and  the  rail  vents  were.  The  static  tests  provided  this  data  by  empirical  means,  and  provided  information 
necessary  for  scaling  the  projectile  and  barrel  designs  up  to  levels  sufficient  to  achieve  the  project 
performance  goals. 
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Plasma  Conductivity  (k»ho/n) 


Figure  7.  Plasma  conductivity  is  a  function  of  pressure  and  temperature. 
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SECTION  3 
STATIC  TESTS 


We  performed  a  series  of  static  tests  to  provide  us  with  empirical  data  on  the  behavior  of  the  plasma 
conductivity  and  pressure.  Static  tests  provided  a  means  of  gathering  this  information  in  a  more 
controlled  environment  than  is  possible  in  a  railgun  test.  The  static  tests  eliminated  the  effects  of  velocity 
and  friction,  and  allowed  us  to  measure  the  parameters  more  easily  than  is  possible  in  railgun  tests.  This 
information  was  essential  for  the  subsequent  projectile  and  barrel  design.  We  needed  information  on 
pressure,  conductivity,  and  what  affects  these  two  important  parameters.  In  addition,  we  needed 
information  on  the  chamber  and  vent  size  and  geometry  as  well  as  scaling  data  to  be  able  to  predict 
behavior  in  actual  launch  conditions.  We  describe  the  details  of  the  static  tests  in  the  following  sections. 

3.1  CONCEPT  AND  DESCRIPTION  OF  TEST  RIG. 

We  needed  a  test  rig  that  allowed  us  to  make  measurements  in  an  environment  that  closely  simulated 
the  conditions  present  in  a  railgun  launched  confined.  We  needed  a  robust  test  fixture,  with  few  (if  any) 
moving  parts.  Since  the  conditions  inside  the  chamber  are  hostile  (high  temperature  and  high  pressure), 
we  needed  parts  subjected  to  the  contained  plasma  to  be  either  resistant  to  such  an  environment,  or  easily 
replaceable.  Lastly,  we  needed  a  low  cost,  easy  to  assemble  test  fixture. 

Figure  8  shows  a  cross  section  of  the  test  rig.  During  a  test,  current  flows  (positive  to  negative) 
from  the  lower  busbar,  through  the  jumper,  and  into  the  unvented  electrode.  A  plasma  is  created  in  the 
containment  chamber  by  exploding  the  fuse  that  connects  the  unvented  electrode  to  the  vented  electrode. 
Current  then  flows  through  the  vented  electrode,  through  the  aluminum  pressure  containment,  into  the 
upper  busbar,  and  returns  to  the  power  supply.  The  assembled  test  rig  is  shown  in  a  photograph  in 
Figure  9. 

The  interior  of  the  containment  chamber  is  insulated  from  the  outer  aluminum  containment  by  a  G- 10 
tube.  Plasma  leakage  is  prevented  by  O-rings  on  the  sides  of  the  unvented  electrode  (grooves  were  cut 
into  the  electrode)  and  O-rings  between  the  vented  electrode  and  the  aluminum  containment  (grooves  for 
these  O-rings  were  cut  into  the  top  face  of  the  aluminum  containment).  The  busbars  are  clamped  to 
prevent  excessive  deflection,  and  the  vented  electrode  is  clamped  to  the  top  of  the  containment.  The 
clamps  are  electrically  isolated  from  the  current  carrying  parts  of  the  structure.  The  unvented  electrode 
is  free  to  move  vertically,  so  that  we  could  measure  the  pressure  inside  tne  chamber.  Hie  unvented 
electrode  rests  on  a  force  transducer  which  measures  the  force  that  the  expanding  plasma  exerts  on  the 
electrode.  We  discuss  instrumentation  in  the  next  section. 
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KTR  Design 


Figure  9.  We  used  the  above  static  test  rig  to  measure  confined  plasma  properties. 
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3.2  INSTRUMENTATION. 


We  measured  three  quantities  for  each  test.  We  measured  the  current  flowing  through  the  chamber, 
the  voltage  between  the  vented  and  unvented  electrodes,  and  the  force  exerted  on  the  unvented  electrode 
by  the  expanding  plasma.  We  measured  the  current  with  a  calibrated  Rogowski  coil.  This  coil  is  part 
of  the  standard  diagnostics  for  the  power  supply,  a  210  Id  capacitor  bank  capable  of  currents  up  to  360 
kA,  but  maximum  current  for  these  tests  was  130  kA.  A  typical  current  waveform  is  shown  in 
Figure  10. 


Figure  10.  The  current  pulse  typically  lasted  about  a  millisecond. 

We  measured  the  voltage  with  a  shunt  resistor  connected  between  the  upper  and  lower  busbars.  The 
value  of  this  shunt  resistor  (on  the  order  of  10  Q)  is  very  large  compared  to  the  resistance  of  the 
experiment  (on  the  order  of  mO).  We  determine  the  voltage  by  measuring  the  current  through  the  shunt 
resistor  with  a  current  transformer.  The  current  transformer  provides  electrical  isolation  between  the 
experiment  and  our  data  recorders.  The  maximum  voltage  for  these  tests  was  500  V.  A  typical  voltage 
waveform  is  shown  in  Figure  1 1 . 

The  pressure  measurement  presented  us  with  some  difficulty.  Initially,  we  tried  to  measure  pressure 
using  a  capillary  tube  inserted  into  the  containment  chamber  and  connected  to  the  input  of  a  pressure 
transducer  which  responds  directly  to  pressure.  We  abandoned  this  approach  after  several  attempts 
because  we  did  not  obtain  believable  measurements.  The  capillary  tube  melted  during  each  test,  making 
the  results  dubious. 
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Figure  11.  We  measured  the  plasma  voltage. 

We  then  decided  to  measure  the  force  on  the  unvented  electrode,  and  derive  the  pressure  from  that 
measurement.  As  we  described  in  the  previous  section,  the  vented  electrode  is  free  to  move  vertically, 
as  shown  in  Figure  8.  The  unvented  electrode  rests  on  an  insulating  block,  which  rests  on  the  force 
transducer  (piezo-electric  crystal).  Thus,  we  take  die  force  exerted  on  the  rod  by  the  expanding  plasma, 
and  divide  it  by  the  cross  sectional  area  of  the  electrode  to  obtain  the  plasma  pressure.  We  assume  that 
the  plasma  pressure  is  uniform  across  the  face  of  the  unvented  electrode.  The  force  required  to  overcome 
the  friction  from  the  O-rings  is  negligible  compared  to  the  force  exerted  by  the  expanding  plasma. 

A  typical  pressure  waveform  is  shown  in  Figure  12.  The  pressure  should  follow  the  current 
waveshape.  The  mechanical  response  of  the  electrode,  insulator,  and  transducer  produce  the  vibrations 
seen  in  the  figure.  We  believe  that  the  measurement  is  accurate  up  to  the  peak  value.  We  were  mostly 
concerned  with  the  peak  pressure  value  as  a  worst  case  design  condition.  The  maximum  pressure  we  saw 
during  these  tests  was  165  MPa.  We  used  the  peak  value  in  our  analysis. 

The  position  of  the  bus  jumper  imposes  a  magnetic  repulsion  between  the  jumper  and  the  upper 
busbar.  This  repulsion  exerts  an  additional  force  downward  on  the  unvented  electrode.  We  measured 
this  repulsion  during  tests  with  a  solid  aluminum  short  in  the  containment  chamber  (no  plasma  effects). 
Since  the  magnetic  force  is  proportional  to  the  square  of  the  current,  we  can  scale  the  effect  for  different 
current  levels.  We  compensate  our  peak  pressure  measurement  for  magnetic  repulsion  by  subtracting  the 
scaled  magnetic  effect  (peak)  from  the  measured  value. 
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Figure  12.  The  pressure  measurement  is  accurate  up  to  the  peak. 

We  calculated  the  current  density  by  dividing  the  current  waveform  by  the  cross  sectional  area  of 
the  unvented  electrode.  We  derived  the  conductivity  from  the  voltage  and  current  measurements.  We 
used  the  relationship  for  a  uniform  media: 


R  *  1/oA 


(1) 


where  R  is  the  resistance, 

a  is  the  plasma  conductivity, 

1  is  the  length  of  the  plasma  chamber,  and 
A  is  the  cross  sectional  area  of  the  chamber. 

The  conductivity  is  then  given  by: 


a  =  l/RA  (2) 

The  resistance,  R,  is  simply  the  measured  voltage  divided  by  the  measured  current.  This  is  shown  in 
Figure  13.  A  sample  of  the  derived  conductivity  is  shown  in  Figure  14. 

We  summarize  our  static  test  results  in  the  next  section. 
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Figure  13.  We  calculated  the  plasma  resistance  from  our  measurements. 


Figure  14.  We  derived  the  plasma  conductivity  from  the  resistance  and  the  geometry. 
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33  RESULTS 


We  performed  a  total  of  35  tests  with  the  static  test  fixture.  Ten  tests  were  seal  tests.  We  will 
discuss  the  results  of  the  seal  tests  in  the  next  section.  Of  the  remainder,  fifteen  used  the  force  transducer 
to  obtain  the  plasma  pressure.  The  results  are  summarized  in  Table  2.  We  tested  vent  diameters  from 
3.18  mm  to  9.5  mm  (11.1  mm  in  the  seal  tests). 


Table  2.  Summary  of  Static  Tests. 


Tttt 

NO. 

Transducer 

Typo 

Currant 

<kA) 

Vant  Hota 
Slza 
(mu) 

Paak 

Conductivity 

(kmhos/n) 

Maan 

Conductivity 

(kmhos/m) 

Paak 

Praaaura 

(MPa) 

■ 

Coaments 

1 

Pressure 

105 

■ 

Shorting  Test-No  Plaama- Arcing 

2 

Pressure 

95 

Shorting  Test-No  Plasma-Arcing 

3 

Praaaura 

110 

Shorting  Test-Nc  Plasma-Arcing 

4 

Praaaura 

110 

Shorting  Test-No  plasma-No  Arcing 

5 

Praaaura 

110 

Shorting  Teat-No  plasam-No  Arcing 

6 

Praaaura 

95 

6.30 

36.16 

20.40 

— 

Bad  Praaaura  signal 

7 

Praaaura 

97 

6.30 

20.50 

— 

Strange  Praaaura  Signal 

8 

Praaaura 

92 

6.30 

15.70 

— 

Strange  Pressure  Signal 

9 

Praaaura 

94 

6.30 

31.24 

17.00 

— 

Strange  Pressure  Signal 

10 

Praaaura 

95 

3.18 

40.76 

25.40 

— 

Strange  Pressure  Signal-dl/dt 

11 

fore# 

92 

4.70 

41.54 

20.17 

24.47 

28.2 

New  Force  x-ducer/Clamp  around  bus  bars/ringing 

12 

Force 

93 

4.70 

32.00 

17.70 

97  (ast) 

--- 

Clasped  to  each  bus  bar/no  ringing 

13 

Fore* 

98 

4.70 

40.70 

23.40 

— 

Lost  Forca  Signal  Due  to  Atten. 

14 

Forca 

95 

4.70 

42.77 

18.2 

101.63 

47.7 

15 

Forca 

98 

6.35 

(35)  (77?) 

-• 

33.75 

28.6 

No  Voltage  Signal 

16 

Forca 

60 

Shorting  Test-signals  attenuated  too  much 

17 

Forca 

59 

Shorting  Teat-Nag.  Force  aig.  looks  like  v 

18 

Forca 

120 

Shorting  Test-Neg.  Force  aig.  looks  like  V 

19 

Forca 

130 

Shorting  Test-Nag.  Forca  aig.  looks  like  V 

20 

Forca 

Shorting  Test-Flexible  braid  blew 

21 

Forca 

100 

Shorting  Test-Short  actfoned-good  force  signal 

22 

Forca 

96 

Shorting  teat-bad  voltage  signal 

23 

Forca 

90 

6.35 

72.97 

Ol 

'O 

Bad  voltage  signal 

24 

Forca 

90 

6.35 

34.52 

16.10 

36.23 

38.1 

25 

Forca 

90 

9.50 

28.99 

14.50 

31.68 

25 

We  found  that  the  plasma  pressure  was  related  to  the  experimental  parameters  of  vent  size,  current 
density,  and  power  density.  We  used  a  graphic  presentation  of  the  data  in  the  table  to  show  the  trends 
of  the  data  more  clearly.  The  plasma  pressure  decreases  as  the  vent  diameter  increases,  as  shown  in 
Figure  15.  The  peak  plasma  pressure  increases  with  the  current  density,  as  shown  in  Figure  16.  The 
plasma  pressure  also  increases  with  the  power  density  in  the  plasma,  as  shown  in  Figure  17. 
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Peak  Current  Density  (Mft/n2) 


Figure  16.  The  plasma  pressure  increases  with  the  current  density. 
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LEGEND: 


The  conductivity  of  the  plasma  was  only  a  weak  function  of  vent  size  (pressure),  as  shown  in 
Figure  18.  Our  data  confirmed  our  preliminary  analysis. 
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Figure  18.  The  conductivity  is  only  a  weak  function  of  pressure. 


From  these  tests,  we  obtained  data  upon  which  we  could  base  subsequent  projectile  and  barrel 
designs.  We  had  to  normalize  the  vent  size  to  be  able  to  scale  parameters  to  realistic  railgun  levels.  We 
divided  the  vent  area  by  the  cross-sectional  area  of  the  containment  chamber  to  normalize  the  vent  size. 
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The  pressure  data  for  normalized  vent  sizes  appears  in  Figure  19.  The  ratio  of  vent  area  to  chamber  area 
can  vary  from  0  to  2.0  (there  are  two  chamber  ends),  even  though  only  0  to  1.0  is  shown. 

lzcxns; 

£  0  0-  . 

muiiN  Data 

Hyperbola 


a  .2  .4  .6  .8  1  1.2  1.4  l.(  1.8  2 

Ratio  (Vent  Area/Chariber  Area) 

Figure  19.  The  pressure  decreased  as  a  function  of  the  normalized  vent  area. 

We  assumed  a  linear  relation  between  the  pressure  and  the  power  density.  Since  the  voltage  stays 
relatively  constant  as  the  current  density  increases,  we  decided  that  the  power  density  and  the  current 
density  showed  essentially  the  same  information  (a  linear  relation).  Current  density  was  on  the  order  of 
0.5  GA/m2  for  these  tests,  but  we  could  easily  scale  up  to  launch  conditions  (possibly  as  high  as  8-10 
GA/m2).  This  extrapolation  is  shown  in  Figure  20,  using  the  linear  curve  fit  shown  in  Figure  17. 

Since  the  conductivity  is  not  a  strong  function  of  the  pressure  in  the  operational  region  in  which  we 
were  interested,  we  can  reduce  the  pressure  requirements  to  optimize  the  launch  package  mass.  If  we 
reduce  the  pressure  from  the  order  of  GPa  to  hundreds  of  MPa,  we  can  substantially  reduce  the  mass 
required  to  contain  the  plasma  pressure  and  to  seal  the  bore  without  sacrificing  energy  efficiency  of  the 
launch  package. 
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Figure  20.  We  extrapolated  pressure  as  a  function  of  current  density  for  launch  conditions. 

We  used  the  static  test  fixture  to  learn  more  about  sealing  at  the  containment-rail  interface.  We  will 
discuss  the  static  seal  tests  in  the  next  section. 

3.4  SEAL  TESTING. 

The  method  we  use  to  seal  the  bore  from  the  venting  plasma  is  critical  to  the  success  of  this  armature 
concept.  If  the  seal  allows  sufficient  plasma  behind  the  armature,  secondary  current  conduction  will 
occur  and  we  will  not  achieve  our  performance  goal.  We  used  the  static  test  fixture  to  evaluate  a  seal 
design  concept.  In  this  section  we  will  discuss  the  seal  concept,  the  changes  we  made  to  the  test  fixture, 
and  the  results  we  obtained. 

3.4.1  Labyrinth  Seals. 

We  originally  considered  a  lip  seal  on  the  plasma  containment  chamber  as  depicted  in  Figure  6  to 
eliminate  leakage.  In  this  concept,  the  seal  is  positively  actuated  by  plasma  pressure.  The  problem  with 
this  concept  is  that  the  lip  of  the  containment  provides  limited  surface  area  for  proper  seal  function.  The 
lip  tends  to  be  broken/sheared  off  as  if  moves  across  a  rail  vent  hole. 

We  decided  to  concentrate  on  labyrinth  seals  for  restricting  plasma  leakage.  The  concept  is  shown 
in  Figure  21.  This  concept  provides  a  bore  seal  both  in  front  and  behind  the  armature.  By  placing  the 
seal  on  a  sabot  rather  than  on  the  chamber  lip,  we  can  use  much  more  surface  area  to  seal  the  plasma. 
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LABYRINTH  SEALS 


PLASMA 
CHANNEL 


Figure  21.  We  used  labyrinth  seals  to  prevent  secondary  currents. 

A  labyrinth  seal  is  basically  a  series  of  grooves  and  blades  between  the  high  pressure  and  low 
pressure  regions.  In  this  type  of  seal,  the  leaking  gas  flows  along  the  bore  wall,  over  a  blade  and  into 
the  next  groove.  The  blades  provide  restrictions  to  the  flow.  At  each  change  in  the  cross  sectional  area 
of  the  flow,  a  pressure  drop  occurs.  Thus,  the  more  blades  in  the  seal,  the  less  leakage  will  occur,  and 
the  greater  the  pressure  reduction.  The  plasma  that  leaks  through  the  seals  is  radiately  cooled  by  the 
walls  of  the  bore  and  the  seal.  In  addition,  a  small  amount  of  expansion  cooling  occurs  in  the  seal  itself. 
This  cooling  will  reduce  the  temperature  of  the  leaking  plasma  and  reduce  the  probability  of  secondary 
current  in  front  of  and  behind  the  armature. 

Literature  is  available  for  the  design  of  labyrinth  seals,  but  design  relations  lack  much  detail,  and 
are  very  design  dependent.8  We  performed  static  seal  tests  to  establish  guide  lines  to  be  able  to  use 
labyrinth  seals  effectively  in  the  projectile  design. 

Performance  of  seal  tests  on  the  static  test  fixture  required  some  modifications  to  the  fixture.  We 
will  discuss  these  modifications  in  the  next  section. 

3.4.2  Alterations  to  Test  Apparatus. 

We  had  to  modify  the  test  fixture  to  perform  seal  tests.  First,  we  had  to  change  the  unvented 
electrode  to  fit  a  seal  into  the  chamber.  We  used  a  0.25"  diameter  copper  rod  for  the  electrode  and  fit 


20 


the  seal  around  the  rod.  A  typical  test  seal  is  shown  in  Figure  22.  Some  of  the  seals  we  tested  were 
made  of  Lex  an  (polycarbonate).  Others  were  made  of  Nylatron  GSM  (an  extruded  nylon  derivative  with 
molybdenum  disulfide  particles  suspended  in  it  for  added  strength).  We  chose  these  materials  as  the  best 
probable  candidates  for  use  in  the  later  railgun  launches.  Both  are  lightweight  electrical  insulators.  We 
favored  the  use  of  Nylatron  for  its  superior  strength.  Nylatron  is  also  slightly  less  dense  than  Lexan. 


L 
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Figure  22.  Our  test  seals  were  typically  Lexan  or  Nylatron. 

The  cross  section  of  the  top  part  of  the  test  fixture  is  shown  in  Figure  23.  This  view  shows  the  seal 
and  the  addition  of  a  breakdown  detector  to  the  test  fixture.  The  breakdown  detector  is  simply  two  wires 
at  a  known  separation  with  a  voltage  imposed  between  them.  We  put  approximately  500  V  between  the 
wires.  If  the  gap  between  the  wires  breaks  down,  current  will  flow  in  the  circuit  created  by  the  wires, 
the  gap,  and  the  power  supply.  We  limit  the  current  in  the  circuit  with  a  resistor,  and  measure  the 
current  through  the  resistor  with  a  current  transformer.  If  the  gap  does  not  breakdown,  there  will  be  no 
(0  V)  signal.  If  sufficient  plasma  leaks  past  the  seal  under  test,  we  will  detect  it  in  our  probe.  Figure  24 
shows  a  typical  signal  in  which  an  electrical  breakdown  occurred  between  the  wires  of  the  probe. 
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Figure  23.  We  modified  the  test  fixture  to  incorporate  seals  and  a  breakdown  detector. 


Figure  24.  Our  breakdown  detector  worked  well. 
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The  peak  electric  field  between  the  wires  is  set  by  the  spacing  of  the  wires  and  the  imposed  voltage. 
We  chose  these  values  to  create  an  electric  field  under  the  seal  that  would  approximate  the  field  present 
in  die  bore  behind  the  armature.  If  sufficient  plasma  leaked  past  the  seal  to  cause  a  breakdown  in  the 
probe,  we  knew  that  the  leak  rate  was  too  high  for  the  seal  design  to  be  useful  in  a  railgun  test.  We 
could  then  establish  a  maximum  leak  rate  for  the  effective  operation  of  the  seal  with  our  confined  plasma 
armature.  We  will  discuss  the  results  of  our  seal  tests  in  the  next  section. 

3.4.3  Results. 

We  performed  a  total  of  ten  seal  tests.  The  results  are  summarized  in  Table  3.  We  tested  seals  with 
a  range  of  clearances.  We  also  varied  the  number  of  blades  in  the  seal.  The  table  shows  that  only  one 
seal  showed  no  breakdown  behind  the  seal.  This  was  a  four-bladed  seal  with  0.001"  radial  clearance  with 
a  1 1 . 1  mm  vent  diameter.  We  computed  the  leak  rate  in  this  test  to  be  0.03  kg/s.  Seals  with  a  larger 
clearance  all  exhibited  significant  breakdown.  We  took  this  leak  rate  to  be  a  maximum  for  our  projectile 
design.  We  will  discuss  seal  design  and  leak  rate  more  in  the  next  section.  In  a  test  with  a  four  bladed 
seal  at  higher  pressure  (6.35  mm  vent  diameter),  two  of  the  seal  blades  broke,  demonstrating  the  need 
for  strong  blades. 


Table  3.  Summary  of  Seal  Tests. 


test 

No. 

Date 

Transducer 

Type 

Current 

(kA) 

Plasma  eh. 
Length 
(sis) 

Peak 

Conductivity 
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Peak 
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(HPa) 
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Pressure 
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blades  on 
seal 
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27 
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90 
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26 
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42 
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15 

43.13 

12.5 
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09/21/90 

force 

97 
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15 
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15.6 

165.45 
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.127 

30 
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15 

7 

7 

7 

7 

.064 

1 

31 

10/01/90 

force 

90 

6.35 

15 

21.82 

6.8 

61.90 

57.14 

.064 

npi 

32 

10/01/90 

force 

85 

6.35 

15 

19.00 

10.8 

113.71 

79.09 

.064 

KH 

33 

10/01/90 

force 

85 

6.35 

15 

15.70 

8.1 

113.30 

72.76 

.064 

34 

10/04/90 
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95 

11.11 

15 

27.12 

8.5 

40.04 

30.52 

.025 

■ 

35 

10/05/90 

force 

120 

6.35 

15 

31.25 

9.8 

151.39 

76.72 

|  T* 

.025 

mm 

*  Slight  Breakdown  In  (tat 
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The  table  emphasizes  the  important  results  of  the  seal  tests.  The  first  result  is  that  the  seal  clearance 
must  be  minimized.  This  must  be  done  to  minimize  the  leakage  past  the  seal.  The  second  result  is  that 
die  seal  blades  must  be  robust.  We  must  design  the  seal  blades  to  withstand  the  shear  loads  introduced 
by  the  high  pressure  drop  that  will  be  present  in  railgun  launches. 

The  last  important  result  from  the  seal  tests  is  that  the  leak  rate  must  be  kept  low.  This  is  necessary 
to  prevent  secondary  current  conduction  behind  the  armature,  and  is  essential  to  the  success  of  the 
confined,  vented  armature  concept.  We  used  the  information  we  obtained  from  all  the  static  tests  in  our 
projectile  and  barrel  design.  We  will  describe  the  design  process  for  the  railgun  launches  in  Section  4. 
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SECTION  4 

DESIGN  AND  FABRICATION  OF  THE  PROJECTILE  AND  BARREL 

The  launcher  system  consists  of  four  components:  the  power  supply,  the  railgun  barrel,  the  injector, 
and  the  projectile.  Of  these  components,  the  power  supply  and  the  injector  are  fixed  (except  for  minor 
modifications).  The  power  supply  sets  the  upper  limit  on  the  energy  available  for  the  launch.  The 
injector  sets  the  maximum  initial  projectile  velocity.  We  will  discuss  how  these  components  impact  the 
design  of  die  projectile  and  barrel  in  this  section.  We  will  also  describe  the  details  of  the  design  process 
for  the  projectile  and  barrel. 

4.1  PROJECTILE. 

Our  power  supply  is  a  1.7  MJ  capacitor  bank.  This  power  supply  can  deliver  up  to  1  MA  to  a 
railgun  load.  The  system  inductance  is  3  /zH,  and  the  system  resistance  is  200  /iQ.  This  limits  the 
amount  of  energy  available  to  accelerate  the  projectile.  Figure  25  shows  how  the  available  power  limits 
the  mass  we  can  accelerate.  For  a  3  m  barrel  with  an  inductance  gradient  of  0.37  /iH/m,  we  can  achieve 
6  km/s  with  a  mass  no  greater  than  16  g.  This  sets  an  upper  limit  on  the  mass  as  well  as  the  size  of  the 
projectile.  The  bore  size  is  limited  to  15  mm  by  20  mm  if  we  assume  a  solid  polycarbonate  projectile 
45  mm  long. 

legend: 

£*  =°e.3i  ph/« 

— • — • 

'  =8.37  pH/m 

I - ■ 

L'  =8.4  pH/m 
t;"=°e!4§  pH/m 
ijik  i  Goal 
Task  2  Goal 


notes: 

1  MA  peak 
3  n,  15  mm  barrol 
588  m/%  injection 


a  5  18  15  28  25 

Projectile  Hass  (g) 

Figure  25.  Final  velocity  is  limited  by  the  projectile,  launcher,  and  power  source. 

We  determined  that  we  could  achieve  5  km/s  with  a  14  g  projectile  and  800  kA  peak  current.  This 
would  be  a  significant  intermediate  step  toward  the  6  km/s  barrier.  If  the  armature  concept  functioned 
well  at  the  intermediate  level,  we  felt  that  exceeding  6  km/s  would  only  require  optimization  and 
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refinement  of  the  design  of  the  barrel  and  projectile.  This  800  kA  peak  current  also  determines  that  the 
minimum  requirement  for  the  barrel  inductance  gradient  is  0.37  jtH/m. 

We  wanted  to  design  an  integrated  projectile  which  incorporated  the  plasma  containment  and  the 
front  and  rear  seals.  This  approach  minimizes  the  projectile  mass.  The  projectile  has  three  constituent 
parts:  the  plasma  containment  vessel,  the  seals,  and  a  means  of  keeping  the  containment  and  seals 
together.  The  800  kA  current  establishes  a  current  density  inside  the  containment  of  about  7.5  GA/m2. 
We  used  the  data  from  the  static  tests  to  extrapolate  a  maximum  pressure  for  the  plasma  inside  the 
containment.  The  data  is  shown  in  Figure  20.  This  data  is  for  a  current  density  of  0.5  GA/m2.  The 
dashed  line  represents  the  hyperbola  we  used  to  fit  the  data.  With  a  vent  area  to  chamber  cross  section 
ratio  of  0.7,  we  essentially  minimize  the  pressure  inside  the  chamber.  Above  this  ratio,  the  pressure  will 
not  decrease  significantly.  Below  this  ratio,  the  pressure  increases  dramatically. 

We  then  used  the  current  density /pressure  data  in  Figure  21  to  determine  the  maximum  operating 
pressure.  That  data  and  curve  fit  are  for  0.5  GA/m2  and  a  vent  area  to  chamber  cross  section  of  0.16. 
The  pressure  scaled  for  the  larger  vent  size  at  7.5  GA/m2  is  400  MPa.  This  is  the  operating  pressure  we 
based  our  design  on. 

Once  the  peak  current  and  pressure  were  set,  and  we  knew  what  the  minimum  inductance  gradient 
was,  we  computed  the  projectile  acceleration.  The  acceleration  profile  determines  the  stress  on  the 
projectile.  We  then  started  the  design  of  the  containment  vessel. 

We  first  looked  at  candidate  materials  to  construct  the  pressure  containment.  We  obviously  needed 
a  material  that  was  both  lightweight  and  strong.  In  Phase  I  we  used  a  unidirectional  Kevlar  tape 
preimpregnated  with  epoxy.  We  constructed  the  Phase  I  pressure  chambers  by  winding  this  tape  on  a 
form  then  curing  the  epoxy  at  250°F.  The  Kevlar  tape  was  exceptionally  strong  and  light.  We  found 
a  graphite  fiber  preimpregnated  tape  which  was  lighter  and  stronger  than  the  Kevlar.  We  used  this  tape 
in  the  construction  of  both  the  pressure  chamber  and  the  projectile  containment. 

We  approximated  the  chamber  as  a  thin  walled  pressure  vessel.  We  estimated  the  projectile  mass 
to  be  14  g.  Using  the  manufacturer’s  material  properties  for  the  graphite  tape,  we  determined  that  we 
could  construct  a  cylinder  made  of  the  tape  to  serve  as  a  pressure  vessel.  The  cylinder  has  a  15  mm 
outer  diameter,  11.5  mm  inner  diameter,  and  15  mm  length.  To  construct  the  projectile,  we  placed  the 
seals  on  either  side  of  the  pressure  chamber,  then  wrapped  the  entire  structure  with  the  graphite  tape. 
This  overwrap  held  the  projectile  together  during  launch.  The  graphite  overwrap  must  be  2.5  mm  thick 
to  hold  the  projectile  together  at  800  kA.  This  makes  the  bore  dimensions  15  mm  rail-to-rail  and  20  mm 
between  the  insulators. 

The  seals  must  be  designed  to  drop  the  pressure  of  the  leaking  plasma  to  a  point  where  secondary 
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currents  will  not  occur.  A  further  consideration  was  that  the  seal  blades  must  withstand  the  high  pressure 
exerted  on  them  without  breaking. 

In  order  to  withstand  the  containment  vessel  pressure,  we  chose  a  phenolic  laminate,  G-10  as  the 
labyrinth.  The  main  problem  with  a  laminate  such  as  G-10  is  that  the  material  strength  depends  on  the 
orientation  direction  of  the  fibers  which  comprise  the  layers.  Using  G-10  makes  the  projectile  heavier. 
We  drilled  out  the  parts  of  the  G-10  seals  that  were  not  absolutely  essential  to  the  structure  to  minimize 
mass. 


The  leakage  rate  from  a  labyrinth  seal,  W,  is  given  by  the  equation: 


(3) 


where  N  is  the  number  of  blades, 

W  is  the  flow  rate  in  lb/hr, 

V,  is  the  initial  specific  volume  in  fp/lb, 

K  is  a  coefficient  determined  by  the  geometry  of  the  seal, 

A  is  the  leaking  area  determined  by  the  clearance  in  in2, 

Pt  is  the  inlet  pressure  in  psi,  and 
P2  is  the  outlet  pressure. 

We  used  this  relation  to  establish  the  minimum  leak  rate  of  0.03  kg/s  in  the  static  tests.  We  assumed  a 
P2/P,  of  0.1. 

We  decided  to  make  the  front  seal  shorter  than  the  rear,  to  reduce  the  projectile  mass.  The  rear  seal 
is  the  more  critical.  If  the  front  seal  leaks  too  much,  a  precursor  arc  will  form.  Precursors  containing 
up  to  30%  of  the  total  current  are  not  detrimental  to  the  projectile  performance.  Excessive  leakage  from 
the  rear  seal  causes  secondary  currents  and  reduces  the  projectile  acceleration. 

The  design  is  shown  in  Figure  26.  The  rear  seal  has  three  blades,  and  the  front  only  has  two.  The 
blades  and  grooves  are  the  same  width  (initially  3.34  mm).  The  groove  depth  is  half  of  the  width  (1.67 
mm).  This  seems  to  be  the  optimum  trade  between  the  seal  effectiveness  (number  of  blades)  and  blade 
strength.  We  did  the  final  sizing  of  the  projectile  after  each  barrel  was  assembled.  This  ensured  that  we 
would  at  least  initially  have  a  seal  clearance  of  0.001"  or  less  (less  would  decrease  the  leak  rate).  If  we 
assume  an  initial  pressure  of  400  MPa,  the  final  pressure  would  be  200  MPa,  and  the  designed  leak  rate 
is  0.03  kg/s  for  the  rear  seal,  but  the  front  seal  leakage  is  higher,  about  0.04  kg/s. 
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MATERIAL:  Inner  constuction  G-10. 

Outer  'wrapping  is  a  unidirectional 
graphite  fiber  composite,  as  is 
inner  plasma  containment  vessel. 

Figure  26.  The  projectile  integrates  the  seals  and  pressure  vessel. 

After  we  completed  the  design,  we  performed  a  finite  element  analysis  on  the  projectile  structure. 
This  analysis  confirmed  our  stress  calculations  on  the  projectile.  The  structure  should  perform  up  to  the 
800  kA  level  necessary  for  5  lem/s.  A  photograph  of  the  assembled  projectile  is  shown  in  Figure  27. 


28 


pmpTTTJTITTiprTTTl 

o  i  a 


cm 


Figure  27.  The  projectile  mass  was  about  14  g. 

4.2  BARREL. 

Once  we  chose  the  pressure  chamber  size,  we  began  work  on  the  barrel  design.  We  initially  used 
a  vent  area  to  chamber  cross  section  ratio  of  0.7.  According  to  our  scaling  (Figures  20  and  21),  this  will 
limit  the  pressure  to  400  MPa  at  800  kA.  Round  rail  vents  are  the  easiest  to  implement.  The  0.7  size 
ratio  sets  the  vent  diameter  to  6.8  mm.  We  chose  the  center  to  center  spacing  of  the  vents  to  be  11.5 
mm,  the  same  as  the  inner  diameter  of  the  pressure  chamber.  This  ensured  that  the  pressure  chamber 
would  always  be  over  the  equivalent  area  of  one  full  vent  per  side. 

We  used  a  laminated  barrel  containment  structure  in  our  railgun  testing.  The  laminated  structure 
allows  us  to  design  stiff  barrels  to  minimize  bore  growth.  The  structure  is  also  easy  to  assemble  and 
disassemble.  We  have  two  standard  containment  sizes.  One  is  designed  for  a  15  mm  square  bore  and 
the  other  is  designed  for  a  50  mm  square  bore.  While  the  15  mm  containment  fits  the  bore  size  better, 
there  were  two  factors  which  precluded  its  use.  First,  we  only  had  3  m  of  the  containment  structure. 
We  would  need  about  twice  that  length  to  achieve  the  velocity  goals  of  the  program.  The  other 
disadvantage  is  that  the  15  mm  structure  is  only  designed  to  be  used  at  currents  of  500  kA  or  less.  The 
50  mm  structure  is  designed  to  operate  at  currents  up  to  1.5  MA.  We  also  had  5.6  m  of  the  larger 
containment  available  for  testing.  We  based  our  barrel  design  on  the  50  mm  containment  for  these 
reasons. 
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The  bore  size,  IS  mm  by  20  mm,  is  required  to  match  the  projectile.  We  wanted  to  maximize  the 
inductance  gradient.  Table  4  shows  how  the  inductance  gradient  changes  for  different  sized  rails  with 
a  IS  mm  separation.  These  values  were  calculated  according  to  Kerrisk’s  formula9.  In  the  table: 

s  is  the  rail  separation, 
h  is  the  rail  height, 
w  is  the  rail  width,  and 
L’  is  the  inductance  gradient. 


Table  4.  Inductance  Gradient  According  to  Kerrisk.9 


s  (mm) 

h  (mm) 

w  (mm) 

V  OiH/m) 

15.00 

19.05 

9.52 

.4329946 

15.00 

25.40 

6.35 

.3865858 

15.00 

25.40 

12.70 

.3638727 

15.00 

25.40 

19.05 

.3482647 

15.00 

25.40 

25.40 

.3365850 

15.00 

25.40 

31.75 

.3273745 

15.00 

31.75 

6.35 

.3394503 

15.00 

31.75 

9.52 

.3298167 

15.00 

31.75 

12.70 

.3218635 

For  a  20  mm  bore  we  need  at  least  a  22  mm  rail  height.  We  chose  to  use  standard  copper  bar  stock 
for  rails.  This  limits  us  to  either  1"  or  1.25"  rail  height.  We  chose  a  rail  size  of  1"  by  0.375".  This 
rail  size  gives  us  an  inductance  gradient  of  0.374  /xH/m.  1"  by  0.25"  rails  would  give  us  a  higher  L’, 
but  would  heat  up  too  much  during  the  launch.  The  1"  by  0.25  "  rails  would  see  a  temperature  rise  of 
about  350  K  during  a  800  kA  launch.  The  1 "  by  0.375"  rails  would  see  a  temperature  rise  of  only  120K. 

In  our  standard  square  bore  raiiguns,  we  use  G-10  spacers  to  support  the  rails  in  the  containment 
and  maintain  proper  spacing.  The  square  bores  are  designed  to  have  a  minimum  thickness  of  G-10  and 
rely  on  the  containment  to  minimize  bore  growth. 

Since  we  used  the  50  mm  containment  with  a  15  by  20  mm  bore,  the  backing  insulators  must  be  very 
thick.  If  they  were  made  of  G-10,  the  bore  growth  would  be  0.015”.  The  seals  must  maintain  as  close 
a  clearance  as  possible,  so  this  was  unacceptable  for  the  success  of  the  concept.  We  looked  into  using 
advanced  ceramics  such  as  Alumina,  M/M  400,  and  M/M  1 100.  Each  of  these  would  limit  the  bore 
growth  to  about  0.004";  however,  ceramics  tend  to  break  when  subjected  to  a  bending  stress.  Although 
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the  ceramic  option  is  priced  competitively,  replacement  costs  and  delays  would  be  excessive  incase  of 
breakage.  The  option  we  chose  was  a  two  piece  laminated  stainless  steel  spacer,  similar  in  construction 
to  the  carrel  containment.  Venting  was  provided  between  the  two  pieces.  G-10  spacers  maintain  the  vent 
space  between  the  laminated  blocks.  The  laminates  reduce  eddy  current  losses  in  the  steel  structure.  This 
concept  limits  the  bore  growth  to  0.001"  at  800  kA.  Another  advantage  to  this  design  was  that  the 
laminates  were  easy  to  replace  if  necessary. 

There  is  a  thin  G-10  layer  backing  insulator  between  the  rails  and  the  backing  laminate  spacers.  The 
rail  spacing  insulators  are  made  of  G-10.  A  cross  section  of  the  bore  is  shown  in  Figure  28.  A 
photograph  of  a  1  m  long  section  of  the  barrel  is  shown  in  Figure  29. 


Figure  28.  The  barrel  is  designed  to  minimize  bore  growth. 
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Figure  29.  We  fabricated  the  barrel  for  railgun  tests. 


4.3  INSTRUMENTATION. 

In  a  railgun  test,  we  measured  three  quantities:  the  change  in  magnetic  field  with  respect  to  time, 
muzzle  and  breech  voltage,  and  current.  Each  of  these  quantities  can  provide  valuable  insight  into  the 
projectile  performance  and  armature  behavior.  In  this  section,  we  will  discuss  the  instrumentation  we 
used  to  measure  these  quantities,  and  the  information  we  can  gain  from  each  measurement. 

One  of  the  more  common  measurements  made  in  railgun  tests  is  the  change  in  magnetic  field  with 
respect  to  time,  dB/dt,  or  "B-dot".  A  probe  to  measure  B-dot  is  simply  a  loop  of  wire  oriented  normal 
to  the  direction  of  the  magnetic  field.  By  Faraday’s  law,  a  changing  magnetic  field  will  induce  a  voltage 
in  such  a  loop.  The  magnitude  of  this  voltage  is  equal  to  the  derivative  of  the  total  magnetic  flux  through 
the  loop  with  respect  to  time,  d<£/dt.  If  the  loop  has  N  turns,  this  voltage  becomes: 

V*,  =  Nd*dt  (4) 

If  the  dimensions  of  the  loop  are  small,  we  can  assume  that  the  flux  through  the  loop  is  uniformly 
distributed.  This  means  that  the  flux  density  in  the  loop,  B,  is  uniform.  The  flux  in  the  loop  can  be 
written  a s  <j>  =  BA,  where  A  is  the  area  that  the  loop  encloses.  Thus  the  voltage  induced  around  the  loop 
is: 
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V.  -  NAdBfdt 


(5) 


We  refer  to  such  a  loop  as  a  B-Dot  probe.  This  probe  can  be  used  to  monitor  the  passage  of  the 
railgun  armature.  Since  the  moving  armature  produces  a  change  in  the  magnetic  field,  die  B-Dot  probe 
will  register  a  voltage  as  the  armature  passes.  A  typical  signal  from  a  B-Dot  probe  is  shown  in 
Figure  30.  Normally,  we  use  this  signal  to  determine  the  velocity  of  the  projectile  by  positioning  several 
probes  along  the  length  of  the  rails;  however,  the  B-Dot  probe  data  can  also  be  used  to  determine  the 
current  distribution  in  the  armature.  The  procedure  for  doing  this  is  described  in  the  Appendix.  This 
information  on  the  current  distribution  can  tell  us  how  the  confined  armature  is  performing.  The 
distribution  data  will  also  show  if  precursor  arcs  in  front  of  or  secondary  conduction  behind  the  armature 
are  forming,  and  thereby  indicate  if  the  seals  are  functioning  properly.  We  used  8-10  B-Dot  probes  for 
each  test  with  a  3  m  long  barrel  (less  for  the  shorter  barrel). 


Figure  30.  The  B-dot  probe  can  detect  projectile  passage  as  well  as  secondary  currents. 

We  also  measured  the  muzzle  and  breech  voltage.  We  measured  these  two  voltages  with  the 
resistor/current  transformer  technique  we  used  in  the  static  tests.  The  muzzle  voltage  is  essentially  the 
voltage  across  the  armature.  In  our  tests,  the  muzzle  voltage  is  a  good  indication  of  the  condition  of  the 
contained  plasma.  An  unconfined  plasma  armature  exhibits  a  muzzle  voltage  of  130-300  V,  depending 
on  the  bore  size.  A  confined  plasma  armature  will  exhibit  a  much  higher  voltage,  typically  500  V  or 
more.  An  example  of  the  muzzle  voltage  is  shown  in  Figure  31 .  The  resistance  of  the  confined  plasma 


33 


armature  is  substantially  higher  than  that  of  an  unconfined  plasma  armature  mainly  due  to  the  smaller 
conduction  area.  If  the  muzzle  voltage  of  a  confined  armature  drops  to  approximately  200  V,  the  plasma 
seals  have  failed  or  excessive  leakage  has  occurred,  causing  a  precursor  arc  in  front  of  the  armature,  or 
secondary  conduction  behind  the  armature.  The  breech  voltage  contains  the  armature  voltage,  but  the 
rail  resistance  and  inductance  also  contribute  to  the  signal. 
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Figure  31.  The  muzzle  voltage  is  a  good  indicator  of  whether  or  not  the  armature  is  confined. 

We  measured  the  current  in  the  rails  with  a  calibrated  Rogowski  coil  around  one  of  the  rails.  A 
typical  current  waveform  is  shown  in  Figure  32.  We  need  the  total  current  to  determine  the  armature 
current  distribution  described  above. 

By  using  these  three  measurements,  we  were  able  to  diagnose  problems  with  the  armatures  and 
improve  performance  by  modifying  the  projectile  on  subsequent  tests.  We  describe  the  railgun  tests  in 
the  next  section. 
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Current  (kfl) 


230 


Figure  32.  We  measure  the  gun  current. 


SECTION  5 
RAILGUN  TESTS 


We  performed  a  total  of  thirteen  railgun  tests.  Seven  of  these  tests  were  instrument  calibration  tests. 
While  the  current  and  voltage  measurements  needed  no  calibration  in  situ,  the  B-Dot  probes  required 
calibration  each  time  the  gun  was  disassembled  and  reassembled.  The  mutual  inductance  between  the 
probes  and  the  rails  is  very  sensitive  to  placement,  and  for  each  actual  launch,  we  needed  accurate 
measurements  of  the  mutual  inductance  of  each  of  the  B-Dot  probes  with  the  railgun. 

The  six  railgun  launches  are  summarized  in  Table  5.  In  each  of  the  launches  we  modified  the 
projectile  design  to  obtain  longer  confinement  of  the  armature  and  better  performance.  We  describe  the 
results  of  the  launches  in  the  following  sections. 


Table  5.  Summary  of  Phase  II  Railgun  Tests. 


ffl 

■Bi 

fill 

Muzzle 

Voltage 

(V) 

Initial 

Condition 

Armature 

'  •••;•  Type 

Muzzle 

Velocity 

(m/s) 

Confinement 

Time* 

i 

240 

600 

static  start 

plasma 

280 

80  /is 

2 

280 

600 

static  start 

plasma 

440 

200  fis 

3 

220 

500 

injected 

plasma 

750 

400  fis 

4 

220 

300 

injected 

hybrid 

1330 

m 

5 

300 

480 

injected 

hybrid 

1800 

1.4  ms 

6 

300 

480 

injected 

hybrid 

1500 

1.1  ms 

*  Confinement  time  is  duration  -  high  muzzle  voltage  was  sustained. 


5.1  TEST  1. 

In  our  first  test,  the  peak  current  was  240  kA.  We  launched  the  projectile  from  a  static  start.  The 
barrel  length  was  1  m.  The  projectile  mass  was  14.8  g.  We  loaded  the  projectile  into  the  barrel  from 
the  breech  of  the  gun.  We  sized  the  projectile  to  have  a  slight  interference  fit  (0.0015")  from  rail  to  rail, 
to  obtain  an  effective  seal.  The  vent  diameter  was  6.8  mm  for  the  first  two  launches.  This  gives  a  total 
vent  area  to  chamber  cross  section  ratio  of  0.7. 

In  the  first  test,  shown  in  Figure  33,  the  high  initial  muzzle  voltage  (>600  V)  indicates  that  the 
armature  is  well  confined  for  about  80  fis.  The  voltage  then  decays  to  about  200  V.  We  believe  that  the 
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seal  failed  and  a  precursor  arc  formed.  The  muzzle  voltage  probe  was  destroyed  at  1.1  ms,  after  the 
precursor  arc  exited  the  muzzle  The  breech  voltage  in  Figure  34  showed  that  200  V  was  maintained 
between  die  rails  until  current  decayed  to  near  zero. 


Figure  34.  The  breech  voltage  showed  the  armature  condition  after  the  muzzle 

probe  was  destroyed. 
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Analysis  of  the  B-Dot  data  indicated  that  a  precursor  arc  formed  at  240  its.  It  achieved  a  velocity 
of  over  3  km/s  before  slowing  down  near  the  muzzle.  The  signal  from  the  third  B-Dot  is  shown  in 
Figure  35.  This  probe  was  located  0.264  m  from  the  breech  of  the  gun.  The  first  spike  at  250  /is  is  a 
precursor  arc  travelling  past  the  probe.  The  small  negative  spike  at  800  /is  is  the  precursor  exiting  the 
muzzle.  The  small  "hump"  in  the  B-Dot  signal  at  1.7  ms  is  the  projectile  going  past  the  probe.  Another 
probe  at  0.705  m  from  the  breech  shows  only  the  precursor  arc.  This  means  that  current  ran  out  before 
the  projectile  passed  that  position.  This  is  consistent  with  the  damage  on  the  rails.  We  saw  rail  damage 
from  the  plasma  armature  until  a  little  over  0.5  m  from  the  breech.  The  precursor  arc  caused  little 
damage  to  the  rails  because  of  its  high  velocity.  The  projectile  did  not  achieve  any  significant  velocity 
before  current  ran  out.  We  recovered  the  projectile  intact. 

One  of  the  prominent  features  of  this  launch  was  that  the  rails  were  severely  eroded  around  the 
projectile  starting  position.  This  is  typical  of  plasma  armatures  launched  from  a  standing  start.  In  this 
case,  however,  this  erosion  causes  excessive  leakage  around  the  front  and  rear  seals.  This  leads  to  both 
precursor  arcs  and  secondary  currents  behind  the  projectile.  Most  of  the  current  in  this  launch  went  into 
the  precursor  arc  after  the  seal  failed. 
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Figure  35.  There  was  a  precursor  arc  in  front  of  the  armature. 

5.2  TEST  2. 

The  projectile  in  our  second  launch  was  identical  to  the  first.  The  peak  current  was  280  kA.  The 
muzzle  voltage  was  over  600  V  for  200  /is.  Its  peak  value  was  over  800  V.  This  is  shown  in  Figure  36. 
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The  projectile  mass  was  14.5  g.  The  projectile  reached  440  m/s  before  current  ran  out.  The  B-Dot  data 
again  showed  that  the  current  ran  out  before  the  projectile  reached  0.706  m.  A  typical  B-Dot  signal  from 
this  test  is  shown  in  Figure  37.  The  noise  at  the  beginning  is  a  small  precursor  arc.  In  this  test,  the 
projectile  passage  is  much  more  distinct  than  in  the  first  launch.  The  precursor  arc  did  not  affect  the 
acceleration  of  the  projectile  significantly. 

The  static  start  of  the  armature  eroded  the  rails  severely  at  the  beginning  of  the  launch  as  in  the  first 
test.  The  erosion  again  caused  excessive  leakage  at  least  in  front  of  the  confined  armature,  which  caused 
a  precursor  arc  to  form.  The  B-Dot  data  also  showed  that  the  armature  was  longer  than  the  projectile. 
This  indicated  that  secondary  current  was  flowing  behind  the  projectile.  This  was  also  caused  by  rail 
erosion  while  the  projectile  was  still  stationary.  The  remainder  of  our  launches  were  injected  into  the 
railgun  before  current  initiation.  This  reduced  the  rail  erosion  caused  by  static  start. 
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Figure  36.  The  armature  was  confined  for  about  200  ps. 
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Figure  37.  The  B-dots  showed  a  small  precursor  arc. 


S3  TEST  8. 

For  the  remainder  of  the  tests,  we  used  a  barrel  3  m  long.  We  accelerated  the  projectile  into  the 
railgun  with  a  compressed  gas  injector.  In  our  first  launch  with  the  injector,  'he  interface  between  the 
power  supply  and  the  railgun  arced  due  to  the  high  voltage  of  the  confined  armature.  We  repaired  the 
interface,  but  the  problem  of  high  armature  voltage  remained.  A  low  leak  rate  is  critical  to  the  success 
of  the  armature  concept.  With  the  high  voltage,  even  small  leaks  are  sufficient  to  cause  precursors  and 
secondary  currents.  We  decided  that  we  needed  to  take  steps  to  reduce  the  rail  to  rail  voltage  of  the 
confined  plasma  armature. 

To  reduce  the  rail-to-rail  voltage,  we  focussed  on  reducing  the  armature  resistance.  The  first 
approach  we  took  was  to  increase  the  pressure  inside  the  containment  chamber.  For  the  remaining  tests 
we  used  a  rail  vent  diameter  of  4.8  mm.  This  decreased  the  vent  area  to  chamber  cross  section  ratio  to 
0.3S.  This  reduction  in  vent  size  increased  the  pressure  and  hence  increased  the  conductivity  of  the 
plasma  somewhat. 

We  added  an  additional  groove  to  both  the  front  and  the  rear  seals.  The  assembled  projectile  is 
shown  in  Figure  27.  The  peak  current  was  220  kA.  This  test  generated  a  significant  precursor  arc. 
Only  one  of  the  B-Dot  probes  detected  the  projectile  passage. 

Most  of  the  current  was  in  the  precursor.  The  muzzle  voltage  is  shown  in  Figure  38.  The  muzzle 
voltage  was  still  about  500  V.  This  was  only  slightly  lower  than  the  voltage  we  saw  in  the  launches  from 
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a  static  start.  The  rails  showed  that  the  armature  initiated  just  inside  the  gun  structure.  However,  there 
was  only  evidence  of  confinement  for  about  400  /is.  The  well  defined  damage  tracks  from  the  confined 
plasma  were  only  3-4"  long.  We  saw  light  arc  erosion  from  the  precursor  down  the  entire  length  of  the 
gun.  The  muzzle  voltage  drops  from  600  V  to  300  V  at  2.2  ms.  This  coincides  with  the  precursor  (and 
projectile)  passing  the  first  B-Dot  position.  The  projectile  carried  only  a  small  fraction  of  the  current 
after  the  precursor  separated  from  the  main  armature.  This  is  shown  by  the  current  distribution  in 
Figure  39.  The  precursor  carries  about  90%  of  the  current.  The  precursor  exited  the  bore  at  about 
2.3  ms.  This  is  indicated  in  the  muzzle  voltage  signal  by  a  sudden  increase  in  voltage. 
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Figure  38.  The  armature  was  confined  for  about  400  fts. 
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There  was  still  a  small  amount  of  current  flowing  through  the  armature  after  the  precursor  broke 
away.  As  the  precursor  exited  the  bore,  the  remaining  current  diverted  back  into  the  armature.  We 
recovered  the  projectile  with  only  slight  damage.  The  most  significant  damage  was  to  the  containment 
chamber  itself.  In  this  design,  the  ends  of  the  chamber  rode  on  the  rail  surface  and  were  not  supported 
by  the  seal  structure.  We  found  that  one  end  of  the  chamber  was  sheared  off  even  with  the  bottom  of 
the  seal  groove.  This  caused  excessive  leakage  and  the  high  current  precursor.  This  was  also  our  first 
indication  that  the  graphite  composite  was  beginning  to  deteriorate. 

5.4  TEST  10. 

We  performed  this  launch  under  the  same  conditions  as  the  previous  one.  The  only  difference  was 
that  this  armature  was  a  hybrid  armature.  The  projectile  had  an  aluminum  cylinder  fit  into  the 
containment  chamber.  Our  idea  was  to  reduce  the  armature  voltage  eliminating  the  column  voltage  drop 
of  the  plasma  armature.  The  penalty  for  this  approach  is  that  the  projectile  mass  was  increased.  The 
mass  of  the  projectile  was  18  g.  We  also  adjusted  the  seal  design  so  that  a  seal  blade  would  rest  against 
the  containment  chamber  and  support  the  edges  riding  on  the  rails. 

The  muzzle  voltage  for  this  launch  is  shown  in  Figure  40.  It  showed  a  low  voltage  armature  for  the 
entire  launch.  The  ramp  shape  at  the  beginning  of  the  pulse  is  similar  to  that  of  a  forward  vented  hybrid 
armature.  The  drop  in  voltage  at  3  ms  means  that  a  precursor  has  formed.  This  is  supported  by  the  13- 
Dot  data.  The  current  distribution  for  the  test,  shown  in  Figure  41.  The  10%  and  30%  contours  split 
indicating  the  formation  of  a  precursor.  The  main  armature  continued,  but  the  armature  lengthened.  The 
projectile  was  not  recovered  intact,  but  the  B-Dot  data  and  the  rails  indicated  that  the  seal  on  one  side 
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Distance  (tt)  Nuzzle  Voltage  (V) 


of  containment  chamber  failed.  The  narrow  damage  track  on  the  other  rail  indicated  that  the  seal  on  the 
other  rail  functioned  well. 
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The  confined  hybrid  armature  shows  a  lower  initial  voltage  than  a  plasma. 


Figure  41.  A  precursor  arc  formed  at  3  ms. 
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In  this  launch  there  was  more  evidence  that  the  graphite  was  deteriorating.  This  is  normally  due  to 
the  introduction  of  moisture  into  the  epoxy  of  the  composite.  We  built  two  test  pieces  to  find  out  how 
serious  the  problem  was.  Both  test  pieces  started  to  delaminate  (peel)  soon  after  the  curing  process  was 
complete.  We  bought  new  graphite  to  build  the  remaining  projectiles. 
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5.5  TEST  11. 


We  modified  the  projectile  design  again  after  Test  10.  We  eliminated  the  groove  next  to  the 
containment  chamber  by  filling  it  with  epoxy.  This  gave  the  containment  edge  additional  structural 
support.  We  also  used  new  graphite  to  fabricate  the  projectile.  The  peak  current  was  300  kA.  The 
muzzle  voltage  is  shown  in  Figure  42.  Again,  the  ramp  shape  was  present.  During  this  test,  the 
armature  was  confined  for  about  1.4  ms.  The  current  distribution  is  shown  in  Figure  43.  At  about  3.4 
ms,  a  precursor  arc  formed  in  front  of  the  armature.  This  is  indicated  by  the  10%,  30%,  and  50% 
contours  in  the  distribution.  These  contours  accelerate  and  stay  compact.  The  main  armature  indicated 
by  the  70%  and  90%  contours  slows  down  and  lengthens.  This  indicated  that  a  precursor  of  at  least  50% 
of  the  current  separated  from  the  armature.  The  lengthening  of  the  main  armature  indicated  that 
secondary  currents  were  also  present. 
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Figure  42.  This  armature  was  confined  for  1.4  ms. 
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Figure  43.  A  precursor  arc  formed  at  3.4  ms. 


5.6  TEST  13. 

We  used  the  same  projectile  design  as  in  the  previous  test  except  that  the  epoxy  filled  grooves  were 
omitted.  By  leaving  the  material  intact,  instead  of  machining  grooves  then  filling  them  with  epoxy,  we 
felt  that  we  could  improve  the  strength  of  the  containment  edge  and  achieve  better  sealing.  The 
conditions  were  the  same  as  in  the  previous  launch.  The  peak  current  was  300  kA.  The  muzzle  voltage 
is  shown  in  Figure  44.  This  showed  that  the  armature  was  contained  for  about  1.1  ms.  This  was 
confirmed  by  the  current  distribution  shown  in  Figure  45.  Most  of  the  current  went  into  a  precursor  at 
about  3.2  ms.  The  main  armature  again  had  secondary  currents  behind  it. 

The  slight  reduction  in  confinement  time  may  indicate  that  the  epoxy  may  help  the  seal.  The  epoxy 
we  used  is  more  compliant  than  the  G- 10  in  the  seal  structure.  This  may  have  helped  the  filled  grooves 
act  as  rail  following  blades  of  the  seal,  dynamically  minimizing  the  seal  to  rail  clearance  and  making  a 
better  seal.  We  will  discuss  our  conclusions  in  the  last  section. 
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Figure  44.  The  armature  was  confined  for  1.1  ms. 


Figure  45.  Most  of  the  current  went  into  a  precursor  at  3.2  ms. 
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SECTION  6 


INTERPRETATIONS  AND  CONCLUSIONS 

Our  railgun  tests  showed  that  we  were  making  progress  toward  proving  the  confined,  vented 
armature  concept  could  exceed  the  velocity  limit;  however,  the  seals  in  front  of  and  behind  the  armature 
are  still  a  problem.  The  seals  must  be  more  effective  in  eliminating  plasma  from  the  bore  during  the 
entire  launch,  and  not  just  a  small  portion  of  it. 

We  reviewed  our  design  to  see  what  design  changes  were  necessary  for  further  improvement.  We 
believe  that  the  labyrinth  seal  is  still  the  most  promising  seal  concept  for  the  confined  armature,  but  there 
are  several  difficulties  in  the  design  which  could  be  addressed  in  future  improvements. 

First,  in  our  implementation  of  the  labyrinth  seal,  we  suspect  that  leakage  around  the  top  and  bottom 
(near  the  bore  insulator  surfaces)  of  the  projectile  to  be  the  main  problem.  Our  design  can  only  use  the 
edge  of  the  plasma  containment  to  prevent  leakage  between  the  top  and  bottom  of  the  projectile  and  the 
bore  insulators.  The  close  fit  we  used  for  the  projectile  dimension  from  insulator  to  insulator  was  not 
sufficient  to  prevent  leakage  along  the  insulator. 

The  second  problem  with  the  design  was  the  issue  of  maintaining  the  dynamic  clearance  of  the  seal 
along  the  rails  throughout  the  launch.  The  clearance  must  be  minimized  for  the  seal  to  be  effective. 
There  are  several  factors  that  make  this  a  difficult  problem.  First,  the  vent  holes  in  the  rails  make  the 
rail  surface  rough.  At  higher  velocities  it  is  difficult  for  the  seal  to  maintain  contact  with  such  a  surface. 
Another  factor  is  bore  growth.  The  same  magnetic  forces  accelerating  the  projectile  down  the  bore  are 
simultaneously  pushing  the  rails  apart.  This  may  cause  the  seal  to  fail  if  bore  deflection  is  too  great. 
We  believe  that  our  barrel  design  was  stiff  enough  for  this  not  to  be  a  problem  in  our  design,  but  further 
improvements  are  possible. 

Variations  in  the  bore  dimensions  can  also  affect  the  dynamic  clearance  of  the  seals.  Inherent 
variations  in  bore  dimensions  caused  by  machining  and  assembly  can  be  a  problem,  as  well  as  variations 
caused  by  ablation  of  rail  material  by  the  armature  can  cause  the  dynamic  seal  clearance  to  grow  to  levels 
where  excessive  plasma  leakage  will  occur.  Of  these  two  causes,  rail  ablation  is  the  least  controllable. 

The  dynamic  clearance  of  the  seal  is  also  adversely  affected  by  erosion  and  abrasion  of  the  seal 
material  as  it  travels  along  the  bore.  This  problem  only  gets  worse  at  higher  velocities. 

One  problem  inherent  in  the  concept  is  that  the  high  voltage  between  the  rails  is  made  worse  by 
confining  the  armature.  The  confined  armature  has  a  smaller  cross  sectional  area  than  a  normal  armature, 
hence  a  higher  resistance.  The  higher  voltage  makes  the  acceptable  seal  leakage  lower,  so  the  seal  must 
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be  better  or  the  voltage  must  be  reduced. 

We  feel  that  we  can  design  a  projectile  that  solves  the  problems  we  have  enumerated.  One  such 
concept  is  shown  in  Figure  46.  We  can  entirely  surround  the  pressure  containment  with  a  circular 
labyrinth  seal  (two  blades  and  one  groove).  We  can  incorporate  this  into  our  present  design  by  slightly 
narrowing  the  graphite  overwrap  in  the  raii-to-rail  direction,  and  placing  a  glass  fiber  wound  tube  inside 
the  graphite  pressure  tube.  The  glass  fiber  tube  and  the  graphite  tube  form  the  first  labyrinth  (blade  and 
groove)  of  the  seal  ( a  complete  circle  around  the  containment).  A  second  labyrinth  can  be  made  in  the 
glass  fiber  body,  similar  to  our  present  design.  The  difference  is  that  this  second  blade  and  groove 
extend  the  full  rail  height,  to  eliminate  leakage  at  the  corners.  The  seals  are  symmetric  about  the  pressure 
chamber,  and  will  allow  the  same  leakage  to  the  font  and  back.  This  will  allow  precursors  to  be 
eliminated  as  effectively  as  secondary  currents  behind  the  armature.  We  could  also  incorporate  a 
compliant  material  into  some  seal  surfaces  to  improve  tracking  of  the  rail,  and  maintain  the  minimum 
dynamic  clearance.  The  projectile  dimensions  are  such  that  no  modifications  are  needed  to  the  barrel. 
We  estimate  that  the  mass  of  this  design  will  be  1 1  g. 

We  simulated  railgun  launch  performance  with  this  design.  Figure  47  shows  the  simulated  current 
profile  for  our  power  supply.  The  current  is  held  essentially  constant  at  —330  kA  for  about  2.5  ms. 
Figures  48  and  49  shows  the  position  and  velocity  data  versus  time,  respectively  for  a  gun  length  of  8 
m.  The  projectile  can  exceed  5  km  Is  if  the  armature  is  contained  for  3  ms.  We  believe  that  the  proposed 
design  can  improve  the  containment  time  from  the  demonstrated  1 .4  ms  to  the  required  3  ms. 
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Figure  46.  We  can  modify  the  seal  design  for  better  function 
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Figure  48.  We  simulated  a  railgun  launch 
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Figure  49.  The  11  g  projectile  will  reach  5  km/s. 
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APPENDIX 

OBTAINING  THE  ARMATURE  CURRENT  DISTRIBUTION  FROM  B-DOT  DATA 


The  armature  current  distribution  is  an  important  indication  of  armature  performance.  In  our 
application,  we  need  to  know  what  the  length  of  the  armature  is,  and  whether  alternate  current  paths  have 
formed  in  front  of  or  behind  the  armature.  For  the  confined  armature  to  function  properly,  the  main 
armature  must  be  the  axial  length  of  the  confinement  chamber  (within  the  accuracy  of  the  measurements). 
A  longer  armature  indicates  that  the  armature  is  not  functioning  as  designed.  Small  precursor  arcs  are 
acceptable;  however,  secondary  current  behind  the  main  armature  is  detrimental  to  armature  performance. 
Likewise,  precursor  arcs  containing  more  than  about  30%  of  the  total  current  detract  from  armature 
acceleration.  Hence,  we  need  a  method  to  determine  the  current  distribution  in  the  armature  to  monitor 
the  armature  performance,  and  diagnose  deviations  from  anticipated  results.  The  following  is  a 
description  of  a  method  to  determine  the  armature  current  distribution  from  existing  B-Dot  data. 

We  designed  our  B-Dot  probes  to  measure  the  changes  in  the  rail  current.  Therefore,  they  will  pick 
up  not  only  the  passing  armature,  but  also  any  alternate  current  paths  as  they  move  down  the  rails.  A 
typical  B-Dot  signal  is  shown  in  Figure  50.  The  voltage  signal  is  proportional  to  the  change  in  the 
magnetic  field  at  the  probe  position.  This  means  that  the  signal  is  proportional  to  di/dt  at  the  probe 
position.  The  proportionality  constant  is  simply  the  mutual  inductance  between  the  probe  and  the  rails. 
We  measure  the  mutual  inductance  by  fixing  a  short  between  the  rails  at  the  muzzle,  and  driving  current 
through  the  gun.  The  mutual  inductance  is  simply  the  B-Dot  signal  level  divided  by  the  di/dt  in  the  gun 
(alternately,  integrate  the  B-Dot  signal,  and  divide  by  the  gun  current).  We  can  perform  this  division  as 
well  as  the  data  manipulations  mentioned  below  with  our  data  analysis  software,  CAMNEW,  and  any 
graph  plotting  software. 

During  a  railgun  test,  we  determine  the  current  distribution  at  each  B-Dot  location  by  using  the 
mutual  inductance  and  the  following  technique.  We  take  the  B-Dot  signal,  such  as  that  shown  in  Figure 
50  and  integrate  it.  The  result  is  shown  in  Figure  51.  We  then  divide  the  integrated  signal  by  the 
mutual  inductance  of  the  probe.  The  result  is  the  current  in  the  rail  which  has  passed  the  probe  position. 
An  example  of  this  rail  current  is  shown  in  Figure  52.  We  normalize  the  rail  current  to  the  total  current 
in  the  gun  by  dividing  the  rail  current  by  the  gun  current.  The  normalized  current  is  shown  in  Figure 
53.  For  each  probe,  there  is  a  similar  normalized  current  profile.  We  replot  the  normalized  data  from 
all  the  probes  as  shown  in  Figure  54.  The  "contours"  of  constant  normalized  current  indicate  how 
current  travels  down  the  rails.  For  a  metal  or  confined  armature,  the  armature  is  short.  Short,  compact 
armatures  are  indicated  on  the  plot  by  "contours"  that  stay  close  together.  In  a  normal  plasma  or  hybrid 
armature,  the  contours  spread  out,  indicating  that  the  armature  is  lengthening.  This  means  that  secondary 
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current  conduction  is  affecting  the  armature  performance.  A  short,  compact  armature  indicates  that  most 
of  the  accelerating  force  is  being  exerted  on  the  projectile. 


Figure  50. 


Figure  51. 
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legend: 
B-Dot  a 


We  measure  dB/dt  at  several  positions  along  the  board.  This  B-dot  signal 
is  typical  of  those  in  Test  8. 


legend: 

Integral  of  B-Do t2 


The  integrated  B-dot  signal  is  proportional  to  the  rail  current  that  has 
passed  the  probe  position. 
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Figure  52.  We  divide  the  integrated  R-dot  signal  by  the  mutual  inductance  to  get  the  rail  current. 


Tim  (ns) 

Figure  53.  We  divide  the  rail  current  by  the  total  gun  current  to  normalize  the 

current  at  the  probe  position. 
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